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The Top (Truth) Quark

Three generations
of matter (fermions)

® Discovered by CDF and DY
at the Tevatron in 1995

® Heaviest known particle;
| /3.24+0.9 GeV (arXiv:1305.3929)

® couples very strongly to the
Higgs because of 1ts mass

® Sensitive to new physics

® [Decays as a free quark: short
ifetime

® \width was measured In

single top analysis
PRD 85 091194 (2012)
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® Measurements:

;
i
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® production cross section

® mass

® angular properties of the
decay products

® \idth and lifetime

® charge, m(t)-m(t)


http://arxiv.org/abs/1305.3929
http://arxiv.org/abs/1305.3929
http://www-d0.fnal.gov/Run2Physics/WWW/results/final/TOP/T12A/T12A.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/final/TOP/T12A/T12A.pdf

Top Production at Hadron Colliders

® Strong interaction: top pair <

/ "3

f
gqg annihilation gg fusion
® [lectroweak interaction: single top
| q’ q H
q t )
W W ,‘
: . ; t

s-channel (tb) t-channel (tgb) Associated (tW)
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Top Production at Hadron Colliders

® Strong interaction: top pair 7@ <t
t t .
Y/ . Main modes
- 7 _ at levatron
oo |
gq annihilation gg fusion
® [lectroweak interaction: single top
| q’ q H
q t k
W W “ %
= X
Q h g 5 t

s-channel (tb) t-channel (tgb) Associated (tW)
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EW Top Quark Production

s-channel (tb)

VI b

osm= 1.04 £ 0.08 pb
t-channel (tgb)
| q

q

5
Osm= 226 + 0.12 pb

N. Kidonakis, PRD /4.1 14012 (2006)

® [Measure the two important single
top-quark production modes at
Tevatron: s and t channel

® Directly probe the CKM matrix
element [Viy|

® Measure the top decay width

® New physics can change O and
Op differently:

® 0 New bosons
® O FCNC, anomalous couplings

® Oy at the Tevatron is negligible
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http://prd.aps.org/abstract/PRD/v74/i11/e114012
http://prd.aps.org/abstract/PRD/v74/i11/e114012
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A Challenging Analysis

Total inclastic ® Small cross section: ~3 pb

(S

SN
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o0
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- mb - ® [evatron produced 32k
b o single top events
-‘Ll
il 6,000 ® Analyze leptonic final state:
: 600 :
o ™ Z 6.8k single top events
tt 2 .
b =! ® Background dominated
" ® Main background: W+jets
O g mass Gevy@ ® [0 observe th+tgb, needed 50

times more data than the top
balr observation! (CDF, DQ)

e PRL 103 092001 (2009)



http://prl.aps.org/abstract/PRL/v103/i9/e092001
http://prl.aps.org/abstract/PRL/v103/i9/e092001

| HC: Limited tb Production

O (pb) ~NNLO tb tgb tW
Tevatron (1.96TeV) .04 2.26 0.3
LHC (7 TeV) 4.6 64.6 5.7




Status up to loday

O (pb) ~NNLO tb tgb tW
Tevatron Prediction | 04 196 0.3
(1.96 TeV)
CDF (7.5 fbo'') 1.8+0.6 | 1494045 -

DY (5.4 b ) 0.98+0.63 ([ 2.9+£0.59 -

L HC Prediction 4 6 64 6 157
(/ TeV)
) | < 20.5 4
ATLAS (07-2.1 forl) | o | 1 83+20 (] 17+6
CMS (1.2-4.9 fo!) : M 67+6 |[J 1645

[] Evidence (3 SD) [A Observation (5 SD)
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DO Detector

Central Tracking System:
Silicon and Fiber tracker

2T Solenoid Magnet
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Shielding

3-layer Muon
System




Data laking

35" RunllIntegrated Luminosity

19 April 2002 -30 September 2011
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Fvent Selection

antiproton

® Only one high pr Isolated
electron or muon: pt > 20 GeV

® clectron: |n| < I.
® muon: |n| < 2.0
® [wo orthree jets
® pr > 20 GeV n| < 2.5
® [he leading jet pt > 25 GeV

® [Missing transverse energy
> 20 GeV

® Ht > |20 GeV

® Ht = all jet pt + lepton p1 +

MIssINg transverse energy
|l



Signal & Background Simulation

tb top palr Multijet
q [’ t i
i \
o b
q' b L jet

® Sionals: CompHEP (NLO)+Pythia

W+ets
y Jg h ® \/+jets & top palr: Alpgen+Pythia
“ h ® Correct Alpgen (LL) to NLO
® c.o afactor .9 for W+bb
A ® Multiet: Data with non-isolated

g W Sy lepton
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Wjets & Multyjet Normalization

® Determine the overall scales of multijet and W+jets
background simultaneously

fake-/¢ real-/¢
N loose — + N

loose loose

Nf ake-/¢

real-/
Ntight — €fake-¥ loose _I_ ereal—eNloose



Yield [Events/10GeV]

Wjets & Multyjet Normalization

® Determine the overall scales of multijet and W+jets

background simultaneously
fake-
Known from ¢~ Nloose — Nl(?osee + Nloose
the selected -
data samples Niight

fake-/¢ real-/¢
6fauke—éjv + 6Jreal—éjv

loose loose

. /

Determined from MC and data samples

60000 DO 9.7 fb" § DO 9.7 fb" geoooo_— DO 9.7 fb"

ot © 40000 =

40000 - =W+bb ?_, ,g 40000
- Waip § 2
Z+jets L

20000 - B Dibcson fu, 20000 —'20000
I -}\}Iultijets % I T_’

0! > ol o
50 100 150 200 50 100 150 200 0 50 100 150

Lepton p_[GeV] Missing E_[GeV] W Boson Transverse Mass [GeV]
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Background Modeling

® Dominated by backgrounds

® (Correct the efficiency of the
simulated samples to that of
data

® Reweight the angular
distributions of W+jets MC
to data

tb 423

Ztjets 55

diboson
top pair 4886

Yield [Events/10 GeV]
S
o
o
o

20000

Yield [Events/0.3]
w =
o o
o o
o o
o o

10000

60000

20000

DO 9.7 fb™

+ Data
B tb+tqb
B w+bb
B w+ce
I W+lp
Z+jets
" Diboson

B it
B Multijets

50 100 150 200
Leading jet P, [GeV]

DO 9.7 fb™

2 4 6
A R(jetl,jet2)



Fvent Selection

® One high pt Isolated electron or
muon: pt > 20 GeV/c

® bt > 20 GeV/c, n| <25

= Q q ® [he leading jet pT > 25 GeV/c
q’ .
w w .
9 0 4 ® Total transverse energy (Hr)
e ® Require one or two identified b-

forward b-jet jets (b-tagging)

|5



Arbitrary

0.6

0.5

0.4

0.3

0.2

0.1

b-let ldentification

Displaced

Tracks

Secondary
Vertex

do: Impact
parameter
Jet
— — bjets D@, Simulation
r : ----= light jets

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

MVA,, Output

® |dentify fromu,d,s,¢c,and g

ets

J

® reduces a lot of backgrounds
® Features of b-hadron In b-jet
® | ong lifetime (~ | ps, Ly~3
mm)
® | arge invariant mass
® Reconstruct a secondary vertex

® Make use of the displaced tracks
(with large iImpact parameter)

® Use a multivariate technigue to
combine this iInformation

|6



b-jet Efficiency

—
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o))
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- —— MCs,

Data g

DY Loose
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0.06 |
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Operating Point

® p-identification efficiency: (50-70)%
® Misidentification rate: (3-8)%

1 I80I

1 1 | 1 1 1 1 1 1 | 1 1 1
100 120 140 160 180
P (GeV)

® Obtain scale factors to correct the MC samples



b-1D Cut Optimization

o 14— p20§_Ru§nIIb§2, C(?, EchwogJet
® Calculate s/+/b from the 50.99: T
predicted signal and background |
events with each b-I1D cut .
® Maximize the b signal rate : . i =
® The tb events have two central oz — smgwaca
b_Je_tS 01(-:0__I| S I ....... l 4444444 B l I ......
® )-tag channel: 2 jets with "~ BTagging cut
Loose b-ID T s00f DO 9.7 b
® |-tag channel: | jet with Tight g o
b-ID, veto the 2nd jet with g o
| oose b-ID 2 o0
® Non-overlapping categories 0L e

Leading tagged jet MVA output
18



Fvent Yield

. tb
Wets q t
q g b w+
\‘9994 5 e, M 2, 3-jets |,2 b-tags combined /
tb 257 £ 31 q b
tgb
q
w
diboson, Z+jets 815+ 71 b g
top pair 2672 + 284 1\9' b
top pair

Total background| 11669 + 503
Data 12103 £ 110

t

t
th:tgb: B = [: 1.5:45

19




Yield [Events/10 GeV]

Yield [Events/0.25]

2000

1500
1000

500!

1500

1000

500

Data-Simulation Comparison

B tb+tqb
B W+bb
B W+cc
 W+lp

i
B Multijets

DO 9.7 fb™

® Data

Z+jets
Diboson

50 100 150 200
Leading jet P, [GeV]
DY 9.7 fb"

-1 0 1 2
Lepton

p— -1 ~ i -1
> o000l DO 9.7 fb > 20000 DG 9.7 fb
(O] O i
o - Q i
S 1500( £ 1500}
il L c B
c i Q L
2 1000 1000}
ot E E i
% 500" 2 500
< 5 >
Qo0 200 300 400 07140 160 180 200 220
H; [GeV] Top Quark Mass [GeV]
> 3000 DO 9.7t I DO 9.7 fb "
5 | S 1500+ N
— = \
(\,, [
£ 2000 G 1000
) 5
< 1000 S 500"
©
S
0 0
0 50 100 150 32 0 2 4

W Boson Transverse Mass [GeV]

Q(lepton) X r(light-quark jet)
20



Yield [Events/10 GeV]

Yield [Events/10 GeV]

1000

500

200

150
100}

50

Cross-Check Samples

® \V+jets enriched sample: | b-tag, 2 jets, H1<I/5 GeV

DO 9.7 fb™

® Data

B tb+tqb

B W+bb

B W+cc

o W+lp
Z+jets
Diboson

I it

B Multijets

100

50
Leading jet P, [GeV]

® top pairenric

150 200

> DO 9.7 fb
S 800
= :
@ 600
S i
5 400]
= :
2 200
>= i
% 50 100 150

W Boson Transverse Mass [GeV]

d DO 9.7 fb™

50
Leading jet P, [GeV]

100

150 200

W Boson Transverse Mass [GeV]
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400
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Yield [Events/5GeV] -

0

Yield [Events/5GeV]

ned sample: at least | b-tag, 3 jets
> D@ 9.7 fb”
o
S 200
@
=
S
w 100~
o
2
S
% " 50 100 150

300/

200}

200

100

DO 9.7 fb™’

140 160 180 200 220
Top Quark Mass [GeV]

—7>300 GeV

DO 9.7 fb™’

140 160 180 200 220
Top Quark Mass [GeV]



Background Contributions

o multijet top pair diboson, Z+jets [ WHjets
_ tqb tb
7000

5250

3500

0 Ad__l_ﬁ

| b-tag, 2-jets 2 b-tags, 2-jets | b-tag, 3-jets 2 b-tags, 3-jets
th:tgh: B 1:2:59 0.3 14 [ 2: 85 2 1:40

22




Background Contributions

o multijet top pair diboson, Z+jets [ WHjets
_ tqb tb
7000
/ Sensitive to tgb
5250
3500

y 5 1 B |

| b-tag, 2-jets 2 b-tags, 2-jets | b-tag, 3-jets 2 b-tags, 3-jets
th:tgh: B 1:2:59 0.3 14 [ 2: 85 2 1:40
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Background Contributions

o multijet top pair diboson, Z+jets [ WHjets
_ tqb tb
7000

5250

3500

0 Ad__l_ﬁ

| b-tag, 2-jets 2 b-tags, 2-jets | b-tag, 3-jets 2 b-tags, 3-jets
th:tgh: B 1:2:59 0.3 14 [ 2: 85 2 1:40
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Background Contributions

o multiet ~ top pair diboson, Z+jets [ WHjets
_ tqb tb
7000

5250
E ° Sensitive to tb
3500
1750 J
0

| b-tag, 2-jets 2 b-tags, 2-jets | b-tag, 3-jets 2 b-tags, 3-jets
th:tgh: B 1:2:59 0.3 14 [ 2: 85 2 1:40
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Background Contributions

o multijet top pair diboson, Z+jets [ WHjets
_ tqb tb
7000

5250 N
—* Sensitive to tb
1500 Small signal
contributions:
/ . constrain the
1750 J d

| b-tag, 2-jets 2 b-tags, 2-jets | b-tag, 3-jets 2 b-tags, 3-jets
th:tgh: B 1:2:59 0.3 14 [ 2: 85 2 1:40

22



Not A Counting Experiment

® [he amount of signal Is less
than the uncertainty on the
backgrounds

® Not feasible to perform a
counting experiment

® Need a variable to separate
the signals and backgrounds

® No single kinematic or
topological variable Is
sufficient

® Need a multivariate method

23

Yield [Events/0.25]

1000 -

500

| w DO 9.7 fb"!

2 -1 0 1 2
Leading tagged jet 1

signal

background

discriminator output



P F/\ P
;

Multivariate lechnigues

BD T

ME

24




Multivariate lechnigues

BD T BNN ME
F P
DS
F P F P F v \\
» -
Machine learning technique o Calculate
Use well-described variables probabillities
(K$>0.25) as the input * Form tb and tab
Train tb and tgb individually ikelihood ratios
|/4 MC for training, |/2 measurement o | ess correlated

Form b and tgb discriminants with the others

24



Boosted Decision lree

® Apply sequential cuts but keep the e Up to 30 variables

falling events

+# BDT input variables

1 Ur

® [rain another tree produced by : )
' ' ' 4 M (jetl)
enhancing misclassified events ; pe(urtog)
. 6 E(untagl)
(boosting) 7 M(untag1)
8 bID(untagl)

. 9 pr(jet2)

® Average multiple trees and boost the 1 b ta])
11 AR(jetl, jet2)

performance 2 Atonll1)
14 AD(jet2, Br)

15 AD(jetl, Br)

16 Q(¢) x n(untagl)

= = 17 QL) x n(jet2)

18 Q) x 1(0)

19 Q(f) x n(tagl)

20 Q(¢) x n(jetl)

21 cos(?, jet2)1ab

F P F P 22 cos(¥, jet1)1ap

23 Hr(alljets)

24 Hr (¢, Er, alljets)

25 Hr (¢, Er)

26 Centrality (alljets)

27 Mijetl, jet2)

28 pT(Jetl jet2)

29 M (W)

30 pr(W)

25



Bayesian Neural Network

e NN produces a probability of ® Up to 21 variables
an event to be produced by

. +# BNN input variables
signal processes 1 pr(tagl)
2 n(tagl)
® Average over many networks X M;“’(Eagg
: D (tag
and improve the performance 5 pr(untag1)
6 n(untagl)
7 Ad (4, untagl)
8 bip (untagl)
I ; 9 pr(£)
N‘(])}()il({ S 10 n()
' 11 Er
12 AP, Er)
z';‘l{‘ ONut}‘)iut 13 pr(tag2)
SRK L= ode 14 n(tag2)
o“\’»% ‘d"
\\7:‘5 3;_: XSS 16 bip (tag?2
ZZRSN ; fateg)
RN " -
n(untag
\\. 19 bip (untag?2)
20 Mr (W)
21 Q(¢) x n(untagl)

26



Matrix Element Method

—

— 1 ~ ~ 80_ S.17 o 17—
P(Z) = — >4>4/fi(Q1)dC]1fj(Q2)dQ2 ha’yﬁ (y)W(w,y)dy
T,y 1,J

L O Matrix
Flement
+ == |lepton
p W—i— € p
O f D ~— -
1% ; ~~~missing
— et
© b I
p

jet
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P(%) =

Matrix Element Method

—

1 - 00 . i o
DI / filar)dan 5 (a2)dan "5 Dy (z, 5)dg
CE,y 7’7]

O—O

Detector Resolution:
CTEQ6L LO Matrix Transfer Functions

PDF Element for electrons, muons
and jets
+ == |lepton
p W+ e p
O f D ~— -
4% ; ~~~missing
— et
o b J
p

jet

27



P(%) =

Matrix Element Method

—

1 - 00 . i o
DI / filar)dan 5 (a2)dan "5 Dy (z, 5)dg
CE,y 7’7]

O—O

Detector Resolution:
CTEQ6L LO Matrix Transfer Functions

PDF Element for electrons, muons
and jets
+ == |lepton
p W+ e p
O f D ~— -
4% ; ~~~missing
— et
o b J
p

jet
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Matrix Element Method

P@F) = — >:>:/fz-(ql)dqlfj(qQ)dqz%hs’ij(y)W(f,ﬁ)dﬁ

O-obs . ay—"
aj7y ,L?.]

Detector Resolution:
CTEQ6L LO Matrix Transfer Functions

PDF Element for electrons, muons
and jets
® [fficiently returns D . ot~ lepton
full event O ; 7 5 -
information 44 7 S TT=missing
® |ntegration ~ b Jet

performed —
numerically jet

27



ME Discriminant

® ME Processes:

2 Jet 3 Jet
Single Top th, tq thg, tqb, tqg
Background | VbbWegWeg | Whbg Wigg
top pair, WW, W, ggg top pair

® Discriminant: Likelihood ratio
® p-|D output information included (NEW)

Psig ()

D(x) =

28

Pgig(v) + Porga(x)




BNIN Combination

BD T

Use BNIN to

combine the 3
methods

0.1—_J1 )

0.08

0.06

0.04

0.02

0.

0

signal

background

29

01 02 03 04 05 06 07 08 09 1

discriminator cttput-

ME

Correlations

/7%
BNN

BDT

/3%

/5%
ME



Yield [Events/0.04]

—h
<

2

BNN b

0

Combination

DO, 9.7 fb™

BNN

0.2 04 06 08 1
BNN tb discriminant

l

DO, 9.7fb"| I 3
g7
=
(&)
>
=
e
> -

02 04 06 08 1 0

BDT tb discriminant

g

- Data S 10%

tb 2] -
B tgb §
| Wijets W

Z+jets % 102 -

Diboson S F

B tt :

B Multijets 0

DO, 9.7 fb™"

02 04 0.6 0.8 1-.

BNNComb tb discriminant
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Yield [Events/0.04]

—h
<

2

O 02 04 06 08 1

DO, 9.7 fb™

ME

ME tb discriminant

Yield [Events/0.04]

0.7 0.8 0.9 1
BNNComb tb discriminant



Yield [Events/0.04]

BNN tgb Combination

—h
<

2

DO, 9.7fb"| I DO, 9.7fb"| I DO, 9.7 fb"
S 10° S 10°
2 BNN | € | ME
Q Q
> >
= =
g g
> E > x
O 02 04 06 08 1 0O 02 04 06 08 1 0O 02 04 06 08 1
BDT tgb discriminant BNN tqb discriminant ME tgb discriminant

~ | 7

=) DO, 9.7 b
tab 3 cemessesasaesasna .
- g .E l':-gl 300 DO, 9.7fb™|
tb q>, 'l :% 1
I W+jets LLJ pooE !
— ¢ 190 200 '
Z+jets o i .
- Diboson = F 's 100 . :
- ti B :>- () 1
- Mu"iiets gNNg.z b0i4b C?'.G 08 ti e N : OB?\iKlComgfqb discc):'lgminant-I :
ombp 1q ISCriminan Mece e e e e = - a
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New Discriminant

® Aim to simultaneously
measure tb and tgb
signals without assuming
the SM prediction for
erther

0.10.20.30.40.50.60.70.80.9 1

o
A-t d ﬂrSt Step’ use da BNNComb tgb discriminant

discriminant sensitive to

statistics to have a stable
measurement

«~ 1
- 5 0.9° .0.6
both signals -y Jy
— , 5 0.7-
® nsure each bin Zos B
. 2 OF -0.3
containing enough 5 04
£ 0.3- 0.2
(@) =
<
Z -
m

Io.1
0

0.1

005 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

BNNComb tgb discriminant
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New Discriminant

- 1
I Dtb > thb: §0_92 If thb > Dtb:
'€ 0.8
® b category £o7. ® tgb category
206"
® Use Dy o 0.5F ® Use Dip
. 2 0.4F .
® Plot In the Eos ® Plot In the
(&) -
range [0, |] 2 ‘(’ﬁ: range [ |, 2]
m - E Lt g iy adaaaa g aad gl s J
/ ® 9 0.10.20.30.40.50.60.70.80.9 1 \
BNNComb tgb discriminant
I | DO, 9.7 fb "’ g | DO, 9.7 fb"!
% 600 % 800
c i = i
o - o 600~
& 400| g |
= : 5 400
QO O -
S~ 200; S 200/
0L 0l

O 02 04 06 08 1 1 12 14 16 18 2
BNNComb tb-like discriminant BNNComb tgb-like discriminant
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Systematic Uncertainties

® Assign to each background and each analysis channel

® Some affect only the overall scale, and others affect also the
discriminant outputs bin-by-bin (shape-changing)

Overall Scale Overall Scale & Shape
_ — 1.8
®© = ®© =
c E e +10, c - S +10p7,4
= - _ = o “tasgoin '
£ r Heavy Flavor — nominal £ 16 Ef];[agg 5 — nominal
g 147 Uncertainty .. 10, S 14 clency ... 10510
S ————— S 4o  Uncertainty
© C © B
= - N O
) C ) N L T T L T LT T T T T i " T T T oL L Py
i e Z -
F 0.6F:
i N R T B T AP B B B :E..|....|....|....|....|....|....|....|....|....
0 0.102 03040506 07 0809 1 0-45""0.170.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
ME tb Discriminant ME tb Discriminant
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Systematic Uncertainties

® Assign to each background and each analysis channel

® Some affect only the overall scale, and others affect also the
discriminant outputs bin-by-bin (shape-changing)

® Main uncertainties are listed here

Overall Scale

Overall Scale & Shape

Integrated luminosity 6.1%

Top pair cross section 9%

Diboson cross section /%
Trigger efficiencies (3-5)%

Jet fragmentation+higher order  (0.7-7.0)%
Initial- and final-state radiation (0.8-10.9)%
Heavy-flavor correction 20%

Multijet normalization (9.2-42.1)%

Jet reconstruction up to .4%
Jet energy resolution up to I.19%
Jet energy scale up to 1.2%

Flavor-dependent JES up to 1.3%
Jet vertex confirmation  up to | 1%
b-ID, | b-tagged channel  up to 6.6%
b-ID, 2 b-tagged channel  up to 8.8%

35



Yield [Events/0.04]
2

—i
o

Cross Section Extraction

® Use the BNIN combination discriminant in 25 bins

® Use all bins (we don't cut on the discriminant)

® [or each bin, the likelihood L to observe D data
events with a known mean h i1s modeled by the

Poisson distribution TS be measured:

signal cross
section
<D 4 \
«— h=qg0) +a0;+0b
7 /!

signal backgrounds

acceptance  (known)

0 02 04 06 08 1 tb: 2.6%
BNNComb discriminant tab: 1.8%

DO, 9.7 fb""
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Bayesian Approach

. All systematics and
Poisson  Our state of knowledge, g, b >/>temat

. . . l their correlations
ikelihood  with systematic uncertainties " |
\4 N taken into account

/L(D|U1, 02,41, as, b)”(fﬁa 02)”(31, az, b)daldanb X P(Uh szD)

/

Uniform prior
for the signal
Cross section

Prior probability

Posterior probability

S
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Iwo-aimensional Posterior

r—
e i -1
c | 15D
g0 2 SD
0 4 3SD

- [ ]
@\ n
@\
(o § ® @® Measurement
= 3 [1]
o - B sm 2
o i Y ¢ Four generations
c ; - A O  Top-flavor
c 92— /\ Top pion[ :
© = [4]
_S i [ ] FCNC
- - [1] PRD 74: 114012, 2006

11— [2] EPJ C49: 791, 2007
i [3] PRD 63: 014018, 2001
B [4] PRL 99: 191802, 2007
0 N I | I I | | N I | I N | | I I | |

0 1 2 3 4 5
s-channel cross section [pb]
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Posterior density

Measured Cross Section

1 DO 9.7 fb™
0_8_ expected
! 2 33 :|-0.47 pb
0.6__ 0.44
i observed
0.4- =3.07 pJ
0.2-

O

tqb cross section [pb]

No assumption

M SM O-tb/O-tqb!

2345678

Q 2 5 DG 9.7 fb
+- L
o) s | 25D
S 38D
L o | U
q.) g 3; [ o Meagﬁurement
> o r o B sm
@) T L L8 Tepnm
g 2r A Toppi[%
Q £ I [0 FCNC
© ¥ e
OO O:HHm”‘\HH\HH\HH\H
0 1 2 3 4 5
-|G__,) s-channel cross section [pb]
C
~— >
C -1
:-u:, 1.4; DO 9.7 fb
CCJ 1 '2: : expected
' +0.31
E 1; 1.08 3, Pb
O 08: observed
- C
@ 0.4
(/)]
O " F
o 0.2

tb cross sectlon [pb]

(Integrate over Ogp)
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Significance

® Asymptotic approximation
of the log-likelihood ratio

® tests how likely the data
s to fluctuate to the

measured O value, in the

absence of the signals
® [xpected p-values:
® (b 1.0x10" (3.7 SD)
® (gb:9.9%x 109 (6.0 SD)
® Observed p-values:
® tb: |.0x 10 (3.7 SD)
® tgb:6.1x10"> (7.7 SD)

40

Probability density

Probability density

—t b ok b d o -
99 QQQaQo =o
o O A ON LaDO DN

107

10-8 N R A I W B
-60 -40 -20 0 20 40 60

10?
10
1
10
1072
107
10
10°
10°
107
10
10°

Background only DO, 9.7 fb -1

—— SM signal + background
Expected 3.7 SD

----SMLLR = SD
—— Observed LLR Observed 3.7 SD

tb

Log-likelihood ratio

Background only DO, 9.7 fb -1

—— SM signal + background
Expected 6.0 SD

----SMLLR = SD

tgb

100 -50 0 50 100
Log-likelihood ratio



Measured Otb+tqab

Posterior probability
3

Integrate over Oy and
obtain a |D posterior

pdf Of O-tb—l—tqb

4]

Posterior density
0POL00000O00O
& = NWEhUIOO N0

® Measure Op+igb
without assuming the

S

M O-tb/ O-tqb

® Use 2D posterior p.d.f.

DO 9.7 fb ™’

0expected
_ +0.52
— 3-35 '0.48 pb
o

observed
=4.11%)> pb




- E _E EH EH = = EH EH = =N E EH E N = =N E N N N

tb or Not tb!

¢ BNINComb discriminant S 1000 DO, 9.7 b
. . (=] 3 - Data
with the post-fit uncertainty @ t
c B tgb
. . d>, -W-|:jets
® [Examine the most sensitive TN Zuiets
bins (largest S/B) ® I Vs
>- 090 .
® [ata favors the “'truth and 0
o 0 02 04 0.6 0.8 1
- omb discriminant
beauty BNNComb discrimi
S 30 &, DO, 9.7 fb ™!
. = | e
2 g ug
g 20 E’ 1‘::?"0
> m
L, &
© E ——
<o ~— 0 |
> T
007 08 09 “07 08 09
Binned BNNComb discriminant Binned BNNComb discriminant

-----------------------------------------------------------------



Cumulative tb-Signal Plot

Integrating from the high significance bins backward

2000 "7
1800 D@ 9.7 fb ™" 7/

1600C _.  p.ia s
1400 '
1200
1000
800
600
400
200

tb+tgb+Background
tqb+Background ¢

Cumulative Events

=K
3

L ' L0 ' R R R T R R
10 15 20 25 30
Cumulative tb Signal
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Fvent Characteristics

Yield [Events/5GeV]

Yield [Events/20GeV]

tb Category: Dy > 0.8 tb & tgb Depleted Region
i -1 S - -1
80 DO, 9.7 fb 8 1000 - DO, 9.7 fb
: + Data O -
60 - -::m ?..’
I W+jets q=)
- Ztjets i
40 B + - tI::iboson E 500
I + B Multijets o I
20 - [z
: >
®
07140 160 180 200 220 07120 160 180 200 220
Top Quark Mass [GeV] Top Quark Mass [GeV]
60~ DJ, 9.7 fb ™’ > 1500 DQ, 9.7 fb ™’
i 5 I
: S l
40 @ 1000
_ 2 _
= _
_ > l
20 — 500
L U L
E L
I > I
Qoo 200 300 400 Poo 200 300 400
H, [GeV] H, [GeV
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Fvent Characteristics

tgb Category: Digp > 0.8 tb & tgb Depleted Region

= 100/ : S 000! ;
> 100_ DO, 9.7 fb ® 1000 .- DO, 9.7 fb
(5 - Data (5 -
B j i P
E | [ W+jets E
G>J Ztjets q>, i
.I'E. 50 __ = tI::iboson E 500
E i + I Multijets E I
Q I Q
> _ >
0 140 160 180 200 220 0 140 160 180 200 220
Top Quark Mass [GeV] Top Quark Mass [GeV]
< DQ, 9.7 fb™ < i DQ, 9.7 fb™
S 100 s 1000
2 92
c c
()] ()]
> >
i W
© 50 e 500
2 [
> >
% 20 2 4 042 0 2 2

Q(lepton) X n(light-quark jet) Q(lepton) X n(light-quark jet)
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tb Can

Run 252918 Evt 51093921 Sat Jun 13 23:07:10 2009

ET scale: 54 GeV

/ /
// h )
{
|
|
\
\\

/
/
/
/
/
N /
/
Q\ /
. /
- /

Jetl b-tag: 0.95
Jet2 b-tag: 0.84

46

date

Run 252918
Event 5109392 |
Sat. June 13 23:07:10 2009

Run 252918 Evt 51093921 Sat Jun 13 23:07:10 2009

1 MET M em

50

Bins: 218

Mean: 0.911 0 -3

Rms: 3.43 -4.7 mu particle et: 30.63
Min: 0.0145 MET et: 46.14

Max: 39



Single Top loday

o (pb) ~NNLO th tqb tW
Tevatron Prediction | 04 796 0.3
(1.96 TeV)
CDF (7.5 b 181£0.6 | 1494045 -
D@ (9.7 o)  [IJ1.10£0.33|3.070.53 -
L HC Prediction 4 6 64 6 157
(/ 1eV)
) | < 205 4 4
ATLAS (07-21 o) | oo | 1 83+20|[] 176
CMS (1.2-4.9 b1 . M 67+6 ] 1645

[] Evidence (3 SD)
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[ Observation (5 SD)




O Measurement History

s-channel Single Top Quark Cross Section

£ e/utjets 3.2 fb™

“OF MET+jets 2.1 1b° F—e—1  1.80; pb
DO e/u+jets 5.4 fb’ i 0.68%).° pb
CDF e/u+jets 7.5 fb™ —e— 181 ). pb
DO e/u+jets 9.7 fb - 1.10%).° pb

N. Kidonakis m, = 172.5 GeV
1 pRD 74 114012 (2006) *

4 -2 0 2 4
o(pp— tb+X) [pb]

Each single method in the D& 9.7 tb! analysis measures o, with > 3 SD
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CKM Matrix Element [V

Vud Vus Vub V.,
Verm = Vea Ves Ve VaVaV |
Via  Vis Vi AN

® Op+iqp proportional to [Vip|?

e Lagrangian: £ = ——1 Vi, by*(fLPp)t W, SM: fit = |

V2
® Assume: ® DO NOT assume
® S5M top decay: ® 3 generations
Vil “+[Vis|* << [Vio|* ® unitarity of the CKM
® Pure V-A Interaction matrix; allow [Viofit |2 > |

® (P conservation ® 0w/ Twp (NEW)
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CKM Matrix Element [V

® Assume 0 <

V|2 <

® [Vis| > 092 @ 95% C.L.
e Allow |\/tbf/L 2> |

® |\Vifit| =

® Additional syst

uncertainties

2+O'09-O.O8

ematic

® theoretical uncertainty on
single top cross sections

® Complementary to Rwbmwq
measurement In top decays

PRD 85,09 1104 (2012)

50

£16 DO, 9.7 fb ™!
c 1% IV I2=1.00%5
% 12F -0.07
« 100 v 1=1.00"7
-‘:’ 8- IV |>0.92 @ 95% C.L.
3 6
® 4
£ 2
0.2 04 06 0.8 1
IV P
tb
%’ 3 v L2 = DO, 9.7 fb ™
£2.5 15550
-S 2 IV fil=
-91'5 112+009
E 1_ -0.08
-
n_0.5§—
b 05



http://prd.aps.org/abstract/PRD/v85/i9/e091104
http://prd.aps.org/abstract/PRD/v85/i9/e091104

Conclusion

-irst evidence of s-channel single top quark
broduction

® g, =110+ 033 pb

® simultaneously measure O and O, Without
assuming the SM prediction for erther

Also measure Owp+igp and |Vis| without assuming the
SM ratio of Ow/Tigp

o |Vib|>092@ 95% C.L
The results are consistent with the SM predictions

A legacy measurement at the Tevatron

® |ooking forward to combining with CDF
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The pursuit of truth anhd
beauty is g Spbhere of

. QCtivity ih which we are

~ permitted to remaih Children
all our |ives.

quotespedia.info Albert Eihstein

Thank you for your attention!

52



Backup Slides




tW Contribution at DO

e, M 2, 3-jets |, 2 b-tags combined
s-channel 257

diboson, Z+jets 815

Total background | 1669

Data 12103
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Background Contribution
503 CMS

(arXiv:1209.4533v1)

9%

s-channel Z+jet, dibosons
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Additional Cuts

Hr > 120/140/160 GeV (2/3/4 jet)
MET > 25 GeV (3 and 4 jet)

A@(MET, Jet]) < 1.5 + 0.0469MET

Electron channel

Ap(
Ap(
Ap(

Muon ¢

Ap(
Ap(

MET, Lep) > 2.0 - 0.0OSMET
Lep) > |.5-0.03MET
Lep) < 20+ 0.0476MET

nannel
MET, Lep) > 1.4 - 0.014IMET

MET, Lep) < 2.5 + 0.0214MET

M E

M E]

-ab/(11-32)+b AQ(MET, Lep)/(TT-a)<|mutrkcursig|
(a,b) = (2.9, 10) (modified)

Trapezoid cut (new)
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Matrix clement Processes

Two Jets Three Jets
Name Process Name Process
th ud — tb tbg ud — thg
tq ub — td tqb wg — tdb
db — tu dg — tub
tqg ub — tdg
db — tig
W bb ud — Wbb W bbg ud — Whbbg
Weg sqg — Weg Wugg ug — Wiugg
Wagg ud — Wqg
uwu — WW
ud - WZ
999 99 — 999
tt uu — tt tt uu — tt

® the more background diagrams, the better discrimination
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Jop Pair Modeling

® [op pair—Ivbggb (4 jets)

® [op pairylelds in 2jet & 3jet channels
are comparable to single top t

® | icht-jets are |.6 times more likely to
oe |ost than b-jets t

® Use simulation to derive a prior of
missing jet (3jet) or missing W (2jet)
Missing VV prio Missing Jet

( Missing W cos6 issing W Momentum \ ( Partial Reconstructed W \
0.2 - 18
3 | o6 :
0.18; — lepton+jets 0.14F — lepton+jets 16 — WParton
0.16? 0.125 14 Matched Parton
0.141 — dilepton " F — dilepton 128 | Matched Jet
0.12- 0.1 oL L
0.1 | 0.08- 85
0.08 0.06;*_ 6;
0.061 0.041 :
0.04; 0.02= {3
M e 060402 0 030406081 DS Ad o,
-1 -0.8-0.6-0.4-0. 2 0.4 0.6 0. obl o e e L
MissingW coso MissingW P [GeV] 0 50 100 150 200 250 300 350 400 450 500
9 AW E [GeV]
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(1/GeV)

I

W, (1/GeV)

Transfer Functions: W(X, )

- ] Eparton ‘ !
i\ eta region 1 e Model the detector resolution
0.06F 30 GeV effe CtS

W'et

_t = 40 GeV
e 50 GeV

0.05[r — 60 GeV

® [or all final state objects: electrons,
muons, jets, and jets mis-
reconstructed as electrons

0.04

0.03}

0.02f

0.01F

® (Gaussian functions of difference

between:

n =0 |- es ® reconstructed and true energy
i (electrons, jets, fake electrons)

| | Electron [aw
“ — oo ® reconstructed and true
| = e transverse momentum (muons)
® Parameters determined from the
IAVANANBRRSY, simulated samples
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Dimensionality of Phase Space

=4 n=>
DOF | [ |
© (2jets) | (3)ets)
2 inttial and n final state objects (2+n)x4 24 28
Energy and momentum conservation -4 -4 -4
All masses are known -(2+n) -6 -/
The initial partons are in z-axis -2%2 -4 -4
The directions of the final objects are 2x(n-1) Y 3
well measured, except neutrinos

Remaining dimensions n 4 >

. . . . SW, St, | SW, St, Pq;

Final integration for signals
& & Da P | Pay POt
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Discriminant

® b-|D output information included

----------------------------------------

. bID 075} . bIDO075
ber = 5 =

Prg = X W1 +§q X W9
| A ~ large g A - small
. bID005:  bID0.05 :

----------------------------------------
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Discriminant

® b-|D output information included

----------------------------------------

. bID 075} . bIDO075
bar = 5 =

Prg = X W1 +§q X W9
4 3 | large ’ 3 small
 bID005:  b-ID 005 :

----------------------------------------

® Discriminant: Likelihood ratio

Psig(2)
Psig(x) + Porga(x)

D(x) =
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Bayesian Approach

® Bayes theorem

_ p(D|o)p(o)
® Posterior p.d..
L(D|o)m (o)

plo|D) = [ L(Dl|o")n(o")do’

® Poisson distribution
e~ ddP

L(Dld) = ['(D+1)
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Ensemble [est

® (enerate ensembles of

pseudo-data samp

® Fach ensemble

€S

Nds d

different input signal O

® All systematics |

ncluded

® [xtract the signal cross section
from each pseudo-data sample

® No calibration needed
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Ensemble Avg. Result [pb]

Ensemble Avg. Result [pb]

4
3.5 Slope: 1.00 + 0.16
3 Intercept: 0.01+ 0.24
2.5
2_
tb
1.5
1 Mean Values of
the Cross Sections
0.5 Mean Values of
] the 68% CL Widths
T o v L a Lo v v v v v bvvv v v v v v v v by 0
00 0.5 1 1.5 2 2.5 3 3.5 4
Input Cross Section [pb]
8_
Slope: 1.01=+ 0.14
7= Intercept: -0.01 = 0.45
6_
5_
4
3_
Mean Values of
2 the Cross Sections
1E Mean Values of
the 68% CL Widths
A Lovv v v bvv v v bvvv v v bvv v v v v Ly
00 2 3 4 5 6 7 8

Input Cross Section [pb]



Another tb Candidate

ET scale: 143 GeV N | Run 264600
] Event 37760117/
Wed. Sep. 8 0/7:49:49 2010

Run 264600 Evt 37760117 Wed Sep 8 07:49:49 2010

Y " E scale: 141 GeV

13 % e |

b s o8 T |
¢ ®

- Pl
bos P sk
;o7 gs‘é |
@ éqO [

og f PP

me= 175 GeV
Jetl b-tag: 0.32
Jet2 b-tag: 0.39
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t-channel Cross Section [pb]

CDF Result 7.5 fb!

W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb™

o ® CDF Data

- CDF Conference  gm6s.3% CL
4t note 10/93 95.5% CL

i 99.7% CL
af Bl SVI(NNNLO)
2f

3
OO””1””2””3””4””5

s-channel Cross Section [pDb]
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